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1. Introduction and Objectives 
You never get a second chance  
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Figure 1.1 Diagram of the TEG-based system developed in this project 
Figure 1.2 Solar concentration TEG at the facility of SolarG project 
 
TEG cell 
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Chapter 2
2. Analysis of the State-of-the-Art 
The limits of my language  








a) ST system for heating water b) PV cell c) Heliostat field
Figure 2.1 Solar energy harvesting technologies 
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Figure 2.2 Law of refraction 





Francisco Salas Gómez Degree Final Project 
a) Fresnel CPV b) Spherical High CPV c) Parabolic CPV
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Figure 2.4 Compound parabolic concentrator  
Figure 2.5  Fresnel lens concentrator 
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Figure 2.6 Focal length 
 





a) Convex lens b) Concave lens 
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An electric current 





An electric current flows 
through a homogeneous 










is either cooled or 
heated 
Absorption or 
release of heat 
Voltage between the 
two sides that 
depends on the metal 
and the temperature 
difference 












2.2.1. The Seebeck effect 
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2.2.2. Thermoelectric Generators (TEGs) 
Figure 2.9 Thermoelectric generator - energy harvesting 
~
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Figure 2.10 Overview of the semiconductor connection in 
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Conduction Peltier effect Joule effect 
 (2.16) 
 (2.17) 
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Figure 2.12 TEG closed circuit  
(2.8) to (2.23) and (2.24)
  (2.25) 
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Figure 2.13 Efficiencies of different energy conversion technologies compared 





TEG performance curves 
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Figure 2.14 VI curve of a TEG Figure 2.15 Power curve of a TEG vs hot 
side temperature 
Figure 2.16 TEG MPP curve variation depending on temperature 
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Figure 2.19 Power Factor of the Figure of Merit dependency 
on Fermi Level [33] 









Francisco Salas Gómez Degree Final Project 
Applications and Solar TEG systems
Figure 2.20 TEGWAY©  flexible thermoelectric technology for harnessing 
human heat [47] 
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 DC-DC power converter applied to TEG systems 
2.3.1. DC-DC converter 
 Vo<Vi   
 Unidirectional power transfer 
 Applications:  
- regulated power supply  
- control of DC motors. 
 Vo > Vi   
 Unidirectional power transfer 
 Applications:  
- regulated power supply  
- braking of DC motors 
 Vo    Vi   
 Unidirectional power transfer 
 Applications:  
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Table 2.1 DC-DC converter topologies [51] 
Figure 2.21 Pulse Width Modulation 
 Vo<Vi   
 Unidirectional power transfer 
 Applications:  
- regulated power supply 
with reverse polarisation. 
 
 Vo<Vi   
 Bidirectional power transfer 
 Applications:  
- DC motor drivers 
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2.3.2. Power conversion of TEG-based systems 
Figure 2.22 Power supply based on TEG with a MPPT system 
TE Power Battery
Small DC signal Boosted DC signal 
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 Photovoltaic solar systems and SolarG project 
a) Diagram of the installation b) Outdoor installation
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Figure 2.24 Diagram of a PV setup 
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Eff: 25.6±0.5 % 
Area for 1kW: 3.8~4m2 
 
• Tested and established 
technology. 
• Stable at outdoor working 
conditions. 
• Relatively efficient. 
• More sensitive to the 
temperature’s variation than 
multicrystalline and amorphous 
silicon. 
• Waste of material in slicing 
wafers. 





Eff: 21.3±0.4 % 
Area for 1kW:4.6~4.8 m2 
• Tested and established 
technology. 
• Stable at outdoor working 
conditions. 
• Relatively efficient. 
• Less expensive than 
Monocrystalline. 
 
• Slightly less efficient than 
Monocrystalline silicon. 
• Waste of material in slicing 
wafers. 













Eff: 21.0±0.6 % 
Area for 1kW:4.6~4.9 m2 
 
• Relatively efficient. 
• The optical bandgap can 
be tuned by varying the 
concentration of 
semiconductors  to match 
the solar spectrum. 
• Improved VOC can be 
obtained incorporating Ga. 
• The vacuum production 
process of is time-consuming 
and expensive. 
• Unstable. The recycling of the 
Selenide vapor from the side 
walls of the system is a major 
limitation. 









Eff: 10.2±0.3 % 
Area for 1kW:9.5~10 m2 
 
• Inexpensive. 
• Little material is needed. 




▪ Low efficiency. 










Eff: 19.7±0.6 % 
Areafor1kW:4.9~5.2 m2 
 
• Relatively efficient. 
• The high absorption 
coefficient enables 
ultrathin, lightweight and 
flexible solar modules films. 
• The fabrication methods 
such as printing techniques 
have a low production cost. 
 
• The material is toxic in nature. 
▪ Degradation issue. The 
perovskite material breaks 
down quickly due to exposure 
of heat. 
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 (2.1) 
   
Figure 2.26 Effect of temperature on PV module performance relative to STC 
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 Patents search 
 
 
US20140290712A1  Solar Thermoelectric Generator  
 
20180000669 Thermo-electric generator module 
 
  
Figure 2.27 Patent 
US20140290712A1 diagram 
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EP3255651 HYBRID SOLAR GENERATOR 
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3. Design and development of the solar 
concentration thermoelectric generator 
The best structure  
will not guarantee performances,  
but the wrong structure  
is a guarantee of non-performance. 
 
Peter F. Drucker 
Figure 3.1 Conceptual design of the developed system 
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Figure 3.2 Flowchart diagram of the design process 
 
 Description of the operating range 
   
Air temperature 25ºC~35ºC  
Solar irradiation 750~1000 W/m2  
Wind speed 0~0.5m/s  
Table 3.1 Outdoor tests - expected operating range 
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 Design of the preliminary prototype of the solar 
concentration TEG 
 











62x62 cell frame 
11.2x11.2 cell frame 
11.2x11.2 TE module  
62x62 TE module 
x4 Bolts  
Pt1000 
Heat sink 
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Figure 3.4 Developed TEG program interface – Performance and Load Design 
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Useful surface 11.2 x 11.2mm 62 x 62mm  
Output Power 0.42W 6.8W  
Max. Temp. Grad. +250°C +150ºC  
Imax 600mA 6.8A  
Vmax 1.4V 2.5V  
Table 3.2 Manufacturer characteristics of the TE modules 
 


















   
Focal Length 32 mm 51mm  
Focal Length Tolerance ±5% ±5%  
Diameter 2" (50.8 mm) 2" (50.8 mm)  
Thickness 1.5 mm (Nominal) 1.5 mm (Nominal)  
 
Concentration ratio 
 (for 11.2x11.2TEG) 
16.15 suns  
Table 3.3 Characteristics of the Fresnel lenses 
 
Figure 3.7 Fresnel lens FRP2xx by 
Thorlabs 
 
Figure 3.8 Percentage of light transmission - 
lenses FRP251 and FRP232 (source Thorlabs) 
 
 

















2 For simplification purposes, it is assumed that the convection 
coefficient h is constant over the entire exchange surface 
TE62x62 module heatsink 
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Figure 3.9 Diagram of the heat transfer across the 62x62 TE system 














3 The actual system will not have perfect thermal contact, so thermal 
grease will be used to enhance heat transfer. 
4 The actual system will not have perfect heat isolation at its lateral 
surfaces. Due to the fact that these surfaces will be covered by PLA 
and their size is 20 times smaller than the hot side and the cold side 
of the TE cell, the lateral heat transfer is neglected. 
5 According to the manufacturer 

















Figure 3.10 Thermal simulation of the 62x62 TEG system at outdoor conditions 
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45.37 44.61 44.05 43.41 42.8 42 
37.07 36.92 36.71 36.62 36.4 36.1 
 8.3 7.69 7.34 6.79 6.4 5.9 
0.62 0.7 0.54 0.52 0.5 0.46 











6 According to manufacturer’s datasheet 
TE11.2x11.2 module heatsink 
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Figure 3.12 Thermal simulation of the 11.1x11.1 TEG system at outdoor conditions 
54.05 53.3 51.75 49.34 48.7 46.8 
35 35 35 35 35 35 
 19.05 18.3 16.75 14.34 13.7 11.8 
5.06 4.61 4.03 2.49 2.19 1.76 
Table 3.5 Thermal simulation of the 11.2x11.2TEG module - MPP depending on thermal 






7 According to manufacturer’s datasheet 






Francisco Salas Gómez Degree Final Project 
Figure 3.13 Fine 2-axis adjustment of 
angle - Goniometer  GN Thorlabs 
Figure 3.14 Positioning mechanism for 
outdoor testing 





8 Absorptivity is the fraction of received irradiance that is absorbed 
by a body. The spectral absorptivity takes values between 0 and 1 
(black body).  
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Figure 3.16 Black-painted 11.2x11.2 TE 
module 
 
Figure 3.17 Black-painted TE modules 
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Figure 3.18 Diagram of a typical TEG-based source  
 
 
Out of scope 
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Figure 3.19 STEVAL-ISV020V1 application diagram 
 














Figure 3.20 TEG module connection to the DC-DC converter 
 











rTEG + R 





































Figure 3.21 Solar position angles and their projections 
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 Data Acquisition system 
 
 
Figure 3.24 Testing setup of GM200-49-45-25 with DAQ 
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W)
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Chapter 4 
 
4. Experimental evaluation of the design  
 
Like the star that shines afar. 






 Laboratory test setup 
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Figure 4.2 Aluminium socket for housing mica 
heating pad for the laboratory thermal tests 
 





9 A Pt1000 is a type of RTD that operates as a temperature sensor. Its 
electrical resistance varies with the temperature level and gives a 
resistance of 1000Ω at 0˚ C. Their values are standardized according to 
UNE-EN 60751:2008 [70]. 
 





































Figure 4.7 Testing setup of MGM250-17-10-16 
without heatsink 
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Test procedure of the laboratory tests 
~
 
Figure 4.8 Thermal photograph of the MGM250-17-10-16 module 
insulator during power generation test 
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 Results and discussion of the laboratory tests 
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a) 30ºC < Tc < 90ºC 
 
b) Detail view for the range 30ºC < Tc < 40ºC 
 
Figure 4.10 Matched-load power graph - 62x62 TE module  
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W W W W
W W W W




Table 4.2 Error of the experimental fitted MPP curve of 62x62 TE power module 
W W W W
W W W W
Table 4.3 Experimental matched load resistance for 11.2x11.2TEG at Tc=30ºC 
TE11.2x11.2 
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a) 30ºC < Tc < 90ºC 
 
b) Detail view for the range 30ºC < Tc < 50ºC 
 
Figure 4.11 Matched-load power graph – 11.2x11.2 TE module 
 (4.2) 
Table 4.4 Error of the experimental fitted MPP curve of 11.2x11.2 TEG module  
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 Outdoor test setup 
 
Figure 4.12  Detailed photograph of the light 
exposure of the TE module for a 6º deviation 
 
Figure 3.14 Positioning mechanism for outdoor 
testing 
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Figure 4.13 Outdoor setup of the 11.2x11.2 and 
62x62 TE modules 
 
Figure 4.14 Outdoor setup of the circuit and the 
DAQ
 
Figure 4.15 Daily irradiance profile for a 2-axis tracking in July at Alcalá de 
Henares (source PVGIS ) 
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 Results and discussion of the outdoor tests 
Figure 4.16 Y-axis vs X-axis rotation influence on the TE performance
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Figure 4.17 Outdoor TEG open-circuit test. Comparison between 11.2x11.2+Solar 
Concentrator and 62x62 TEG modules 
 
Figure 4.18 Outdoor TEG power test. Comparison between 11.2x11.2+Solar 
Concentrator and 62x62 TEG modules 
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Figure 4.19 Outdoor TEG power test. Comparison between black and white 11.2x11.2 TEG module 
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Figure 4.20 Outdoor TEG power test. Comparison between black and white 
62x62 TEG module 
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Figure 4.27 Black 11.2x11.2 TE module 
 
Figure 4.28 Black TE modules 
Figure 4.21 Optimal load resistance of the painted TEGs depending on the 
solar irradiance 
11.2x11.2 TEG      
62x62 TEG 
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Figure 4.22 Outdoor TEG power test. Comparison between Fresnel f=51mm and 
f32mm  
Figure 3.14 Law of refraction 
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Figure 4.23 Power production comparison 
• Black paint f=51mm  
• Black paint f=32mm 
• f=51mm 
• No SC 





Francisco Salas Gómez Degree Final Project 
Figure 4.24 DC-DC converter - TEG voltage conditioning 
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10Calculations based on the prices registered in the Budget of the 
project. See Chapter 5 
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Figure 4.25 Hybrid solar system CPV+TEG
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Chapter 5 





















Mica heating pad 
Thermal resistor 
1W 
Fresnel lens f51mm 
Fresnel lens f32mm 
TE module 
11.2x11.2 
TE module 62x62 
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Table 5.2 Goods cost 
Unit cost amortized for 231 working days.  
 
*1 Purchase cost € 700.00. Time used: 120 days. 
*2 Purchase cost € 1,130.00. Time used: 80 days. 



















Table 5.3 Software cost 
 
Unit cost calculated for 231 working days. Installation and maintenance costs prorated. 
 
*1 Licence cost € 5,861.00. 
*2 Licence cost € 800.00.  
*3 Licence cost € 2,886.00.  
*4 Licence cost € 503.00.  
*5 Licence cost € 670.00.  





Table 5.4 Miscellaneous cost 
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Chapter 6 
6. Conclusions 
I saw the angel enclosed  in the marble,  
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ANNEXES 
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 FRP232 FRP251 
Focal Length 32 mm 51mm 
Focal Length Tolerance ±5% ±5% 
Diameter 2" (50.8 mm) 2" (50.8 mm) 
Diameter Tolerance ±0.125 mm ±0.125 mm 
Thickness 1.5 mm (Nominal) 1.5 mm (Nominal) 
Thickness Tolerance ±0.25 mm ±0.25 mm 
Clear Aperture >90% of Diameter >90% of Diameter 
Groove Spacing 0.2 mm 0.33 mm 
Pitch 10° 10° 
Design Wavelength 588 nm 588 nm 
Refractive Index 1.49 1.49 
Abbe Number (VD) 55.3 55.3 
Parallelism <3 arcmin <3 arcmin 
Surface Quality 80-50 Scratch-Dig 80-50 Scratch-Dig 
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ANNEX V STMicroelectronics Evaluation Board – modified Schematic 
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ANNEX VII Curve Fitting with MATLAB 
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ANNEX VIII Sun path and solar irradiation 
Solar data for 40°30'48.2"N 3°20'43.4"W (Alcalá de Henares, Spain) 
Dawn: 06:23:32 Sunset: 21:43:01 
Sunrise: 06:55:22 Dusk: 22:14:46 
Culmination: 14:19:24 Daylight duration: 14h47m39s 
Table A. 2 SunCalc.org – Solar data in July at the working location 
 
 
Figure A. 2 SunCalc.org - Sun path for July 2021 in Alcalá de Henares 
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Figure 4.23 Daily irradiance profile for a 2-axis tracking in July at Alcalá de 
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